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DESTRUCTION OF CYCLOTRON RESONANCES
IN WEAKLY COLLISIONAL, INHOMOGENEOUS PLASMAS

I. INTRODUCTION

We investigate the effect of like particle collisions (i.e., ion-ion and electron-electron colli-

sion) on short wavelength, electrostatic cyclotron instabilities in weakly collisional, inhomo-

geneous plasmas. That is, for v/Il << 1 and k~ T j > >  1 where is is the collision frequency,

Il is the cyclotron frequency and VL is the mean Larmor radius. We base our analysis on a

model Fokker-Planck equation originally proposed by Chandresekhar ’ and applied to a homo-

geneous, unmagnetized plasma by Lenard and Bernstein 2 and to a homogeneous, magnetized

plasma by Dougherty. 3 Dougherty found that cyclotron resonances could be destroyed by colli-

sions if v /f l  >1 or ( v/ f l ) k ~
2 rZ >1. The latter condition is particularly interesting since it

indicates that cyclotron waves with k~ r~ >>1 may not exist even though v/Il <<  1. Physi-

cally this occurs because the particles can diffuse a distance L0 — (v/f l) 1 ” 2  rL in one gyro-

period. If thi s distance is greater than a wavelength ( i.e., (v/ f l) k ?  r~ > 1) then the cyclotron

wave cannot maintain its coherence. In fact , it has been shown analytically that the electron-

Bernstein-mode dispersion equation makes a transiti on to the ion-acoustic-mode dispersion

equation ( i.e., the electrons become “unmagnetized” ) when (v~ /f l~) k~ r~e ~ i.~ We men-

tion that this case has been studied numerically and such a transition was not observed. S

We demonstrate in this paper that in weakly collisional , inhomogeneous plasmas, the ion-

and electron-cyclotron drift instabilities transform into their unmagnetized counterparts, the

lower-hybrid-dri ft and the ion acoustic instabilities , respectively. We discuss the ion-cyclotron-

drift instability (also known as the drift-cyclotron instability)6 in detail and show it becomes the

Manuscript Submitted January 31 , 1979
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lower-hybrid-dri ft instability7 in the region of maximum growth when (m,/ rn1) ’/2 (ui/fl1) ~
is ,1/fl , > mj m , for T~—~ T, pLasmu. The first inequality is required to overcome electron viscu-

ous damping, while the second allows the ions to become “unmagnetized.” Applications to the

equatorial Spread F phenomenon~ and the Tandem Mirror Experiment (TMX)9 are discussed.

We point out that several Russian authors have also studied the effects of collisions on

instabilities in inhomogeneous plasmas. Mikhailovski i and Pogutse ’° have derived a general

dispersion tensor, including electrostatic and electromagnetic perturbations , based on the

Bhatnagar-Gross-Krook (BGK) collision model. ” Rukhadze and Silin ’2 base their analysis on

the Landau collision integral and discuss a variety of drift instabilities. However, neither of the

above studies treat the limit ( i s  / Il )k~ rZ>l and hence, do not find a transition to tmunmag-

netized” behavior. 
‘ I

The structure of the paper is as follows. In the next section we derive a general disper-

sion equation for electrostatic waves in a weakly collisional , inhomogeneous plasma based upon

a model Fokker-Planck equation. In Section III we apply this theory to the ion-cyclotron-drift

instability, presenting both analytical and numerical results. Finally, in the last section we dis-

cuss the implications of these results for both space and laboratory plasmas.

II. THEORY

A. Physical Coniguritlon and Assumptions -~ - .
The ph,sicsl configuration which we consider is described as follows. The equilibrium

magnetic field is B — Boè~, the density varies only in the x direction and the temperature is

assumed constant. The density gradient produces a cross-field drift given by Uo I’~ ê, where

V4 — (v~/2fl)b in n/bx is the diamagnetic drift velocity. Here, v,3, 2T/m is the thermal

2 
- L

- _ _  _ _ _ _ _ _



—-‘- w-S — -  —
~~

---

~~~

-—- - - - S  - --- ---S - —— ----------5------ - - - -- -

5—

NRL MEMORANDU M REPORT 3916

velocity and Il — qB0/mc is the cylcotron frequency for a species with temperature T, charge q

and mass m. We treat only electrostatic oscillations and assume perturbation quantities to vary

as exp(—i (k - * — uit ) I where k — k~ ê, + k,, ê~. We make use of the local approximation which

requires kL,, >> 1 where 4, — (8 In n/ bx) ’ is the scale length of the density inhomogeneity.

The ~quilib rium distribution function used in the analysis j5P3

3/2

fo — n0(x ) —‘j — exp t— (v — Uo)2/v~1. (1)
5V rn

where we emphasize that this is a self-consistent Vlasov equilibrium for strongly inhomogene-

ous plumes (i.e., 4, > r~ where rL is the mean gyroradius) locally, say at x —

B. Model Fokker-Planck Equation

We choose the following model Fokker-Pianck equation to describe collisional effects ’ ~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (2)a, ax~ m C OVj 8v~ m

where n — f a ’3vf, n V, — f d - 3v vf  and 3nT — f~~v m (v—V)2f. The first term in brackets

represents friction and is taken to be proportional to the velocity relative to the mean velocity.

This is a reasonable approximation for thermal particles but is incorrect for “tail ” particles. The S 
-

second term represents diffusion and is chosen to be isotropic which requires the Debye length

to be less than the mean Larmor radius. This model describes small-angle collisions and is par-

ticula rly useful in handling like particle collisions.

Linearizing Eq. (2) we obtain 
- 

-

~~~~~~~~~
+ V

J I~~~~~~
+ I.~L+ vxB o~ t#(vj — U

~
.) I-

~~
-_ 3 P f ,  — v ~~- -~ 4_ h (x ,v.t) (3)

where

h(z,v ,:) — -~~- P~±— .~
& + v.jLI_uj, . ~~_ !L 

!&J I

3

-S --- --- - - ------5- - 5—--
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— f  at3 v.f , .n0 u~ — f  d3v vj f 1 ,3n0 (T ,/ T,) — (2/v3,)fd3v(v — U,)2!, and v~ — 2To/ m.

Here, the subscripts o and I denote unperturbed and perturbed quantities, respectively, and

Uj — Ujo +uJ. 
S

We can cast Eq. (3) into a form which can be solved using a Green’s function 3 by th e fol-

lowing transformation: x—x + Vt and v~~v + V where

v u - vX
~~~~~~~~~ + f l 2 0

~

Making use of this coordinate change we find that Eq. (3) becomes

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(5)

and h is defined by Eq. (4) with the transformation reflected in 10. We point out that the above

coordinate transformation is sign dependent (through the diamagnetic drift velocity U, ) and

cannot be made simultaneously for both species. However , this does ot create a serious prob-

lem since we only consider collisional effects on a single species. Moreover , since we are

interested in the situation where v/f l  <<1 and k~ Fj >> 1 we note that (1) the old reference

fra me is a good approximation to the new one and (2) the final term in Eq. (4) can be

neglected.4 Thus , within the context of these assumptions, we consider ‘

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ (6)

to describe electrostatic oscillations in a weakly collisional, inhomogeneous plasma where 1, is

defined by Eq. (1). The important physics contained in Eq. (6) is the modification of the

unperturbed orbits to include a resistive term and the diffusion of perturbations as they are con- 
•

nected along an unperturbed orbit. - 
-

C. De,fratl.u of the Dispersion Equation

The dispersion equation for electrostatic perturbations is - -

D(ui , k ) — 1 +  ~~~~~~ (7)

4 5

L~ 
_ _  -5- - 

Li
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where ~,, is the susceptability of species a is defined by ~.,th, — — (4ir e,,/ k 2) n ,,, . Thus , we

only need to know the perturbed density in order to determine the linear behavior of electros-

tatic waves. In order to compute the perturbed density we follow the method of Doughert y and

employ a Green ’s function .3 We only present the results here and refer the interested reader to

Ref. 3 for the mathematical details. In the absence of collisions , the Green ’s function is a 6

function and perturbations are simply convected along the unperturbed orbit. When collisions

are included , tht~ perturbations also spread out due to the diffusion as well as being convected

along the unperturbed orbit (which now includes a resistive term) . Thus , the Green ’s function

becomes a Gaussian distribution in phase space.

Using notation similar to Dougherty, we find

(8) F

where

H — i - - ~--- II , (9)
IS

a’ — -“-s- f  dT expli& 1 — $(r) — ‘P(t)J, ( 10)

— f k~ r~ (cos9 + ~r — exp( — ~T)cos(T -• 9)1 ( I I )

I k,~ ~L - 
-+ 2 -2 Ivr — I — exp( — vr)I

+ Iexp( — ~r)sinr + ~(I — exp( — ~r)cosr) 1, 
S

‘P(r) — 

~~~~~~~ 
~~ + ~~~~ ~ + 

k~~cr ’ 1 — e x p 1 — ( —~~~ i)~)t1

+ 
k~~p A I — exPE — (P + iA)i- I + ~ ~ A exp i — (1 + i~)i- 1 ( 12)

2io~ U,’
+ exp i- — (~ + i~ )r J •

QIa — — . .
~~~ , (ikN _ s

~’).

-S.

— , ~~~~— — - - -— — —-5- 5-—— -
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9 —  2tan ’ i~~ — v/fl ,~ — u/ flands~ — (8lnn/ 8x
~

)
~

_
~ . Note that we use a polarized coordi-

nate system (x ’ ,x°,x ’) where x ’ — (1/ ’~1~) ( x  + iy) ,x° — z and x ’ — (1/-Jfl (x — iy) .  This

transformation is unitary but not orthogonal so we must distinquish contravariant and covariant

vectors.

Making use of Eqs. (8) - (12) , we arrive at

— 
k 2 v?~ 

{i  + 
oi k~ll0 Js drexpIii~ii — ~ (T) 1J (13)

where w,~ — 4ir nq2/m. We emphasize that this expression for ~ is only valid for v/ fl <<I and

k~ r12 >>l. Note that in the limit L~—~ 
( i.e., U0 —.O ), Eq. (13) red’ices to a result

equivalent to that derived by Allan and Sanderson4 and in the collisionless limit (i — o)

becomes

X — + j ~~~~~~~~~~~~~~ J f a t r ex~~{
iwr + -}kI rI (cos t — 1 ) — i  -~~~ -sin T (14)

+ k 11 ri2 r2) J

which is a standard result .t5

III. APPLICATION: ION-CYCLOTRON-DRIFT INSTABILITY

The ion-cyclotron-drift (lCD) instability (also known as the drift-cyclotron instability)6

has received considerable attention in the past 15 years. It is thought to play an important role

as an anomalous transport mechanism in a variety of “collisionless” plasmas (e.g., post- S

implosion stage of a theta pinch ,’6 solenoidal section of TMX ,” the polar cusp, ’ the iono-

sphere ,’9 the Earth’s magnetotail20). The instability can be excited when L,/r LI < (m j / me) ”2/ I

and is characterized by w, — Ifl , and 
~‘ Ifl ,(m,/m 1) ’14 where w — w, + i~y and I is the ion

cyclotron harmonic number. Maximum growth occurs for k . B — 0 (i.e., k,, — 0) with

6

— — -S 5- ~5 -55 * ~

S -~~~~
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kr Le (7 ’e/ ~~) ’~ in dense plasmas (i.e., u,~ >> fl ,~). Note that to satisfy the condition

S (v ,, / f l~) k~ r~, > 1 at maximum growth , we require

is , me (1 5)
(11 m,

For a hydrogen plasma , Eq. (15) implies that if (v ,1/fl~) > 5 x l0~~, ion-ion collisions will

destroy the cyclotron resonances and hence , the lCD instability. However , rather than drive

the plasma to stability we demonstrate , both analytically and numerically, the transformation of

the lCD instability to the lower-hybrid-drift (LHD) instability in the presence of weak ion-ion

collisions.

The dispersion equation under consideration is

D(w , k) —. . + x ~ + x ~ — 0  ( 16)
where

— 
k2 v 2 + if~~~~~~

’au’ 
~f d i ex p ( i w r/ f l , _ 4 1(r))I. ( 17)

Xe — 
~~~~ 11 ~ exp ~~~~~ 

k1V~ J~
, (18) ‘

and

— fk.? rZ.[cosa- + i~,
r_ exp(-

~
is, T) cos(r_0)I ( 19)

+ i~~. ” (exp~
_i
~r)sinr + i~, (I — exp ( — i’, r)cosl- )J .

— v~, /f l ,,  b~ — k2 ri,, oi.3, — 4irne~ / m 0, v~ — 2T0/ m 0, V~ — (v,~/2fl0)(ô In n / 8x) ,~_ , 0

( a ,,, — e0B~jm 0c, I , is the modified Bessel function of order I. The simple form chosen for the ~~~ - -
,

electron susceptibility is valid since fl , < w << fl~ and it is assumed that v,,,/ f l ,. << I , S

~~~~~ << I and v,,k2 r~, << w (i.e., the electrons are collisionless) . The final condition is

required to avoid collisional damping due to electron viscosity2’ and will be discussed further in

7

L-
~
e c
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the final section. We emphasize that Eq. (17) is valid only in the regime

v ,, / fl , << 1 and k~ rZ, >> 1.

A. Analytical Results

i. i (k2 r~,) << 1

In the limit i ’(k2 rZ, ) << 1, i’ << I and k2 r~,- >> I collisional effects can be ignored and

we find that

2w~, w — k V d, ~i;~
: 

-x1 — -
~

j—-- 1 — 

~ 
-i---— cot (irw) (20)

and

xc — -

~~~~~~~~

- 

~i — — 

~ 
exP (—be )Io(be )J (21) . 

-

which are the standard results for the ion-cyclotron-drift instability. Noting that

it cot (irz) — 

m-~~oo ~ m ’ we can re~write Eq. (20) in a more conventional form’

1 1 U di
X1 k 2v 

1
v’~~~kr~ ~~~U - m f l  

(22)

where ( ‘.J~ krL,Y’ is the large argument expansion of I,,, 
~~ 

k 2 rL2f J  exp — 
4 

k2 r~3j . The ion 
- 

j -

cyclotron resonances are apparent in Eq. (22) .

ii . is (k 2 r~, )  > I

In the limit i~(k 2 r1~, ) > I , ~ << 1 and k2 rI >> 1 we can again approximate the electro n
4

susceptibility by Eq. (21 ) . However , the ion susceptibility is changed substantially from Eq.

(20). We consider Eqs. (17) and (19) and point out that for k,~ rj, >>l the dominant contri-

bution to the integrand occurs in the vicinity of r— 2sr m (m — 0 , 1, 2 , . .) .  We let

r — 29,- rn + l and obtain F .

8

- -- - -
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d~ exp (i &T — $,(r)) di exp 
~ 

— k V ~ — 4 k 2r~,I 2J (23)

+ E exp 
~ 

(w  
_ k V ~ ~ — 4 k 2 r~, f 2J exp I—2itk 2 r,~, m~ I expl+2lr im (

~~-ll
where 8o, 8,,, << 1. Clearly when i~(k

2 r,~, ) > 1, the first term in Eq. (23) is dominant and we

find (letting 8~ — co) that 
-

\ 20J9—~-j- [1 + ~ Z(~,)J (24)
k v ,

where ~, — (a, — kV ,1,,) / k v , and we have made use of the relation

Z ( C)  — i-~/ ~~exp (-—~2) ( 1 + erf ( iC) L (25)
Thus , the dispersion equation becomes

D(u. k) — 1 + ~~~~~~~ 
(1 + C1Z(~

)) + .~9- ~i — — _
~

__

~
_j exP(_ b~) Io(b~) J (26)

which describes the lower-hybrid -drift instability. 7 Physically, the instability is excited since the

ions can now move across the field lines and be in resonance with the drift wave. We mention

that this analysis parallel3 that of Allan and Sanderson who considered electron Bernstein

modes in a homogeneous plasma.22 Finally, note from Eq. (23) that the lCD instability will 
- —

also transform into the LHD instability in the strong drift velocity regime (i.e. 
~‘ > fl ,).

B. Numerical Analysis

We now solve Eqs. (15)-( 18) numerically. As a relevant example , we consider the equa-

ton al F region of the ionosphere where the dominant ionic component is 0’ so that .- 
-

m, — 16 m9. Recent experimental observations indicate intense VHF and UHF radar back-

scatter during equatorial spread F resulting from density irregularities of 1 m and 36 cm , respec-

tively .’9 These irregularities correspond to wavelengths such that k2 r2, >> I. Since there is — -.
.

also evidence of density inhomogenelties with scale lengths L / r L, < (ma/ meW2 ,23 it has been

suggested that the lCD or LHD instabilities are responsible for the irregularities. Also, because

~~,a /~~~ a < 10— 2 ion-ion collisions can play a significant role and a numerical study Is required.

9
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In Fig. 1 we show -y/fl 1 vs. kr1, and krL, for typical ionospheric parameters: 7 — T,,

w,,/fl , — 10.0, I~ /v1 — 0.037 which corresponds to L,, 13 rL, (—~ 75 m) and v,,/fl , — 0.0,

106 , iO~~, i0 ’. We comment that wave growth also occurs for ~~~ > 1.5 but has not been

plotted. We first indicate the wave growth spectrum for the LHD instability (— ) where we

have used Eq. (25). The spectrum is broadband with maximum growth at kr~ 1.2 with

~ 3.0fl~ and ~ 0.08 (1. Growth occurs for krL, < 0.15 but is very weak (i.e.,

~‘ < 10 3 fl 1). For v,,/fl , — 0.0 (— — . —) we see that the first three cyclotron harmonics of

the lCD instability are excited with maximum growth occurring at kr~,,, 1.0 with w, ~ 3.0 fl ,

and y 0.15 a~. As v,,/fl 1 is increased to 10—6 (——--- —) we already note a change in the

wave spectrum. Although the harmonic structure is maintained , the maximum growth rate

decreases 6% and growth is extended beyond kr~, — 1.45 for the 3rd harmonic. For

v,1/fl , — I O~ ( ) a more dramatic change occurs in the wave spectrum as the harmonic

structure becomes distorted. The wave spectrum collapses to the LFID curve for krL, ~ 1.4

(krLI 210) which corresponds to (v,,/f l ,) k2 r~ — 0.5. Moreover the maximum growth rate

decreases by 40% to y — 0.09 fl ,. The first two harmonics are still evident although their

growth rates have decreased somewhat. When v,,/fl , — i0—~ (xxxxx ) the wave spectrum falls

on the LHD curve and only the slighest hint of harmonic structure remains at I — I and I — 2.

Figure 2 plots ~~~~ vs. V~/ v~ for 7 — 7’,, w,,/fl , — 10.0 and v~/fl , — 0, 10’, lO~~,

10’. Here Vu is the growth rate maximized with respect to k. Again we indicate the results -

of the LHD instabi i,ty (— ) as a reference . Setting P,,/fl , — 0 we recover the lCD Instability

which displays substantially stronger growth than the LHD InstabIlity for weak drifts (i.e.,

1’di < 0.10 va ). We can distinguish the excitation of the first 8 harmonics as Va/v1 is increased.

Also, note the transition to the LHD instability for ~a > 0.11 t1~ which occurs when

0.75 fl 1 as indicated earlier. For v,1/fl 1 — 10 ’ ( — — — — )  we note that the growth rates

10
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are generally reduced for V~ < 0.085 v, although 8 harmonics are still apparent. Increasing

v,,If l , to 10~ ( ) causes the wave spectrum to collapse to the LHD spectrum with only the

first $ harmonics visible. Finally, for p,,/fl , — 10’ the curve lies on the LHD plot.

Thus, we have shown numerically that the lCD instability makes a transition to the LHD

Instability for .
~j— k2 rj, > I. Since growth occurs for k2 rj, >> 1, we find that only a very

small amount of collisions 
~
-
~
j._ > io~ J 

Is needed to cause this transition in the rsgion of

maximum growth. For typical ionospheric conditions , 10~ cm 3 
~ n ~ 10’ cm 3 , 7 — 0.1 eV

and ft — 0.3 G we find that 10~ ~~ -~~~ - < 10’ so that the LHD instability should dominate

when instab ility occurs. However , It is found that the condition s’, k’ rj, < ~ is not satisfied

when ,, > 10’ cm 3 for moderate density gradients (L ,, > 8.0 ‘L,) and It Is expected that the

LHD instability will be stabilized by the vlscuous damping of the electrons for t’~ls situation.

Hence, instability is likely to occur Infrequently and will be restricted to low density -regions of

the F region , such as the interior of Ionspherlc bubbles during equatorial Spread F24. We defer

a more complete discussion of this instability and its application to Spread F to a subsequent

report . -

IV. DISCUSSION

We have demonstrated , both analytically and numerically, that cyclotron resonances can

4 be destroyed in dense (a., > (I), weakly collisional , Inhomogensous plasmas when

(..~fl)k 2 r~ ~ I . Th. physical mechanism for this phenomenon Is that particles can diffuse a

distance L,, — (P/ f l) I 2 rL In one gyroperiod due to collisions. If ~ls distance e~oeeds the

wavelength (i.e., (i ’/ t1) k 2rI ) ‘ 1) then the wave can no longer maintain Its coherence. This

result Is In accordance with the work of DougherQ and Allan and Sanderson’ who considered
— -~~

;S
~~ 
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only homogeneous plumes. It is an important result since it indicates that the ion and electron

drift-cyclotron instabilities transform into their unmagnetized counterparts, the lower-hybrid-

drift (LHD) instability and the ion acoustic (IA) instability, respectively, for weakly collisional 
—

plumes. We specifically discussed the lCD instability in detail and found the transition to

occur in the region of maximum growth for (v,6/fl 1) 
~ (m,/ n~). However , we have also

pointed out that electron viscous damping can stabilize the LHD instability when •

a’,, k2 rj, > a. since electron viscosity provides a dissipative mechanism for the wave. Recog-

nizing that ra ’,.,—( nt/ m,) ”2 v~~, we find that (nt~/ nØ”2 will1 > v11/fl 1 is required for instabil-

ity to occur in the region of maximum growth. Electron-electron collisions then have the effect

of placing a threshold condition on the diamagnetic drift velocity necessary to excite the LHD

instability since w— k V~. Hence, collisionlessu plasmas on cyclotron time scales, such as the F

region in the ionosphere, may in fact be strongly affected by weak collisions as we have shown.

In collasionless plumas both the ion and electron cyclotron drift instabilities require a crit-

ical density gradient scale length to be excited. This occurs because the instabilities are pro-

duced by a coupling of a cyclotron wave a.1 — (1 and a drift wave a.2 — kVd, and a critical drift

velocity is therefore required to satisfy the matching condition w1~~ a.2. However , when

(
~/ f l) k 2 rZ > 1 these instabilities transform into the LHD and IA instabilities which are driven

via wave.p~rticle resonances and have different turn-on criteria. In the case of the LHD insta- F-
bi lity a critical drift velocity is required to overcome electron viscuous damping as discussed

above. On the other hand , the critical drift velocity for the IA instability is sensitive to 7’,, T~
4

and may or may not be excited depending on the actual plasma condItions.

The difference in the nonlinear behavior between the lCD and LHD instabilities, and the

ECD and IA InstabilIties is probably a more important consequence of the theory since entirely

different stabilization mechanisms are operable. The ECD Instability has been studied in detail

~~‘~~i ~~~~~~~~~~~~~~~ S : ~~~~S :
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and it has been found that in the collisionless limit , resonance broadening due to turbulence

effectively unmsgnetizes the electrons and a transition is made to the IA instability.2’ This is

the same result we have found for (v,,/fl,) k2r/,,. ~ 1. A variety of theories have been pro-

posed for the nonlinear saturation of the IA instability and they will not be discussed here.

Recent nonlinear theories have been presented for the stabilization of the lCD instability

and rely upon a nonlinear frequency shift27 or low-frequency (a. << Ii,) density fluctuations.2’

On the other hand, the suggested saturation mechanisms for the LHD instability are quasilinear

stabilization ,~’ ion trapping3° and electron resonance broadening.3’ We comment that

Hasegawa’s theory25 concerning stabilization via low-frequency density fluctuations is also appli-

cable to the LHD instability. We will not discuss the details of these stabilization mechanisms

but simply emphasize that different saturation energies are anticipated for the lCD and LHD

instabilities. Hence, the role of weak ion-ion collisions can substantially alter the nonlinear

plasma response due to different anomalous transport properties.

Although we have only discussed an application of this theory to the ionosphere , we wish

to point out its relevance to the Tandem Mirror Experiment (TMX).’. TMX will consist of a

straight solenoidal plasma which is confined by conventional mirror end cells. The solenoidal

section will be similar to a theta pinch and the ions are expected to have a roughly Maxwellian

distribution. - Since density gradients are expected with scale lengths such that

L,/r ~, < (m,/m,) ”2, it is anticipated that the lCD instability is likely to occur. Using expected

• operating parameters for the solenoidal section (T1 — 80 eV , n ~ IOU cm 3, B — 500 G), we

find that v,1/fl 1 — 4 x IO~~. Thus, we conclude that drift waves with krLI ~ 15 will probably

be excited by the LHD instability and the nonlinear dynamics In this regime can be studied

using unmagnetized ions. Of course, finite $ and temperature gradient effects are also expected

13
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to play a role in TMX’7 32- 33 which are not considered in this paper. However, in principle

these effects can be included in a straightforward manner and are not expected to alter this con-

clusion.

Finally, we point out that the Green ’s function method used in this work is not the most

direct technique, although it lends itself to a simple physical interpretation. Recently, Catto has

computed the perturbed density in a collisional , inhomogeneous plasma using a velocity

transfor m methods which is a simpler analysis. For a more complex situation (e q., inclusion

of temperature gradients, V B and electromagnetic effects ) this procedure would be prefe rable

to the one outlined in this work.
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.05 ~NGEUS, CALIF. 90009 UNIVERSITy OF CALIFORNIA

~~~ ATTN A 3. ,IAZZ.ARO LAWRENCE LIVE51G*E LABORATORY
IIEACQUARTERS P. 0. BOX 808
ELECTRONIC SYSTEMS DIVISION/DC LIVE51 RE, CA 94.55 0
DEPARTMENT OF TIlE AIR FORCE OICY ATTN XC CON FOR TECH II-VO DEPT
NN4SCON API, 1* 01731 01Cr ATT N XC CON ICR L-349 R. OTT

01Cr ATTN DCXC MAd U. C. CLA* 01Cr ATTN DOC CON FOR L—31 8. NIGER
01Cr ATTN OOC CON FOR L~l46 F . SE MARD

LOS ALAIGS SCIENTIFIC LABORATORY
P. 0. BOX 1663
LOS At.Al-VS, I-Al 8751.5

01Cr ATTN DCC CON FOR i WOLCOTT
01Cr ATTN CIOC CON FOR R .  F . TASOIEIC

CDI WOI)ER 01Cr ATTN XC CON FOR B. SlOPES
‘OREIGN TEC~4~ LOGr DIVISION, APSC 01Cr ATTN DOC CON FOR ~~. MALI)(
WRIGIIT PATT!RSON API , ON 4.51.33 01Cr ATTN XC CON FOR R. JEFFRIES 

- 
-

01Cr ATTN NICO LIBRARY 01Cr ATTN XC CON FOR U. ZIPII
01Cr ATTN ETDP B. BALLARD 01Cr ATTN XC CON FOR P. (EATON

• - 01Cr ATTN 0CC CON FOR D. IESTERVELT
COPe-WOOER
ROPE A I R  OEVELOPME VT CE NTER , .IPSC SICIA LABORATORIES
RIFF ISS AF5, N! 134.1.1 P. 0. BOX 5800

31Cr ATTN OOC _IB*MY/T0L3 AlBUQUERQUE, TN 87115

01Cr ATTN XC CON FOR 4. I*ONN

t 
01Cr ATTN UCSE V. COYNE 01Cr ATTN DOC CON FOR U. MARTIN

Sil-TSO/SZ 01Cr ATTN DCC CON FOR A. TMORNIAOL2-,

~OSr CFIIC! BOX 929€3 01Cr ATTN DCC CON FOR T. iRlGPT
WOR l_CISSAY PCS~~.. CENTER 01Cr ATTN DCC CON FOR 3. Da4,L3REN
os ~~~~~ C-~ 5000 9 01CP ATTN DCC CON FOR 311.1

(~?AC E ‘ S ~ OYVE-MS) 31Cr AT TN DOC CON F2R S’~CE PRO.,ECT DIV
~~C Y .2T % SZJ
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$AADIA LABORATORIES BOEING COPPNIY, TNE
- LIVERPVRE ...ABGRATORY ~~. o. BOX 3707

P. 0. BOX 969 SEATTLE, -WA 98124.
LI VER.’VRE , CA 91.550 01Cr ATTN G. KEISTE R

21Cr ATTN .DOC CON IOA B. 1-R~~~MEY 01Cr ATTN 0. I-MURRAY
01Cr AT TN DOC CON ~OR T . COPZ 01Cr ATTN G. MALL

01Cr ATTN U. K!I-l4EY
OFFICE -~~ MILITAR Y APPLICATION
DE?ART~LNT CF ENERGY CAL IFORNIA AT SAN DIEGO, UNIV OF
mAS’ I’GTON, D C .  2054.5 IPAP S, 8—0 19

01Cr - ‘ T N  DX CON FOR 3. ~.ALE ~A UOLLA, CA 92093
01Cr ATTN IEIRY G. BO~~ER

OT,ER GOVERT,-EVT BRONN ENGINEERING CCIPAI4Y, INC.
CUNMIPGS RESEARCH ~HUNTSVILLE, *4. 350 07

CENTRAL INTELLIGENCE AGENCY 01Cr ATTN Rol-EO A . 3€LI8ERI$
ATT N 00/SI, RN SG1.8, NQ BLDG
4ASPP I TGTOPP, D.C. 20505 CHARLES STARK DRAPER LABORATORY, INC.

01Cr ATTN OSt/PS IO RN SF 19 555 TEOe-O~_OGY SQUARE
CAISRIDGE, MA 02 135

DEPARTMENT OF CORPEACE 01Cr ATTN 3. 8. COX
NATIONAL BUREAU OF STNOAROS 01Cr ATTN U. P . GIL.’CRE
WASHINGTON, - D.C. 20231.

(ALL CORRES~ ATTN SEC OFFICER FOR) COIPUTER SCIENCES CORPORATION
01Cr ATTN 0. ‘CORE 5565 ARLINGTON 3Lv0 - J

FALLS CNU0Ci~, VA 220I.â
DEPARTMENT OF TRANSPORTATION 01Cr ATTN N. ELAt-~OFFICE OF THE SECRETARY 01Cr ATTN SlOe-I SPICOR
TAD—hk .1, ROOM 101.02—3 01Cr ATTN C. NA I.
.00 7l’i STREET, ~ .W. tWAS.’INGTOP4, D.C. 20590 COPISAY L.ABORATOR I~ S

01Cr ATTN 8. LEWIS LINTMICUM ROAD
01Cr AT TN 8. DG~~RTr CLA~~SBURG, -V 2073Ie

01Cr ATT N G. -PYDE
INSTITUTE •OR TELECON SCIENCES
NAT IOP~ L TELECy~RINICAT ION5 & II-~ O ADMIN CORM~~. UNIV ERSI TY
BolULDER, CO 80503 DEPARTMENT CF ELECTRICAL ENGINEERING

3LCT ATTN A. UEm (uNC~.ASS OLr) ITHACA, NY 14.850
01Cr ATTN W .  UTL*JT 01Cr ATTN 0. r . FARLE P jR
3~ CY ATT N 3. CROeIE
01Cr AT TN I.. BURY ELECTROSPACE SYST EMS, INC.

BOX 1359
R IO-PMOSON, TX 75080

NATIONAL OCEANIC 6 .XTPVSPPPERIC ADMIN 01Cr ATTN 1. LOGSTONENVI~~~..tNTAL RESEARCH LABORATORI ES 01Cr ATTN SECURITY (PAUL Ph ILLIPS)
DEPARTMENT OF COPe-’ERCE
BOIA. ER, CO 80302 ESL INC .

33 Cr  ATTN 0 . GRUel .95 JAVA DRIVE
01Cr ATTN AEQOPOTY LAB G. REID SU*4YVALE, CA 54.066

01Cr ATTN .j . ROBERTS
01Cr ATTN jAMES MARSPIALL
01Cr ATTN C. ~. PRETTI E

F~3RD AEROSPACE 6 CONIUNICAY IONS CORP
5939 FABIAN WAY

OF DEFENSE CONTRACTORS PALO ALTO, CA 91.303
01Cr ATTN U. T. !ATTINGLEY

AEROSPACE CORPORATION GENERAL ELECT R IC COPPANY
P. 0. BOX 929 57 SPACE DIVISION
.05 ANGELES, CA 90009 VALLEY FORGE SPACE CENTER

01Cr ATTN I. GARFUPI(EL GODDARD BLVD (ING OF PRUSSIA
P. 0. BOX 855531Cr ATTN T. SAL,MI PP-i I4.AOELPPIIA, PA 19101

31Cr ATTN V.  JOSEPHSON 01Cr ATTN N. H . IORTNER SPACE SCI ..AB01Cr ATTN S. BONER
01Cr ATTN N. ST000AELI. GEI-E#Al. ELECTRIC C0P1N4rO1CY ATTN 3. OLSEN P. 0. BOX 1122 1 -31Cr ATTN U. CARTER - SrRACLpSE, NY 13201
O1CY ATTN F . WORSE 01Cr ATTN F. REIBERT
01Cr ATTN SWA FOR PWW

GENERAL ELECTRIC COp-cANY
.PMA4.TTICAL SYSTIi ENGINEERING CORP TEP-FO—CENTER FOR A0VASCED STUDIES
S PLO COP(CRD ROAD 016 STAT E STREET (P.O. DRAWER QQ)

I 01Cr ATTN RADIO SCIENCES 0~CY ATTN DAS I AC
OURLI’GTOPR, lA 01803 SANTA BARBARA, CA 95102

01Cr ATTN DCI. CNAAol.!R
BER(ELEY RESEARCH ASSOCIAT ES, INC. 01Cr ATTN TON BARRETT
‘ . 0. BOX ~~~ 

01Cr ATTN ‘IM STEPMAI-IS
CA 94.701 01Cr ATTN WARREN S. (‘APPP

01Cr ~T~ \ 0. .~Al~~IL
0 1Cr ATTN U. 
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GENERAL LECTOIC ECH SERVIC E S CO., I-NC. AHAN SCIENCES CORP
~ . 0. BOX 71.63

C O..;RT STR EET COLORADO SPRINGS, CO a0933
SYRAC SE, NY 1320 1 01Cr ATTN T . ‘EAGIIER

31Cr ~.T \  ~ . .M ILLMAN
LII-4(ABIT CORP

GENERAL RESEARCH CORPORATION 101.53 R0501.LE
SANTA BARBARA OIv ISION SAN DIEGO, CA 92121
P. 0. BOX 6770 01Cr ATTN IRWIN JACOBS
SANTA BARBARA , CA 93111

01Cr ATTN .~O-N ISE JR LONELL 05CM FOUF-CATION, UNIVERSITY OF
01Cr ATTN JOEL GARBARIPO 1.50 AIKEN STREE T

LONELL, MA 01854.
GEORHYSI C AL INSTITUTE 01Cr ATTN K. SlIp.
UNIVERSITY OF ALASKA
FAIR8A.’1(S, * 99701 M .I.T. LINCOLN LABORATORY

(ALL CLASS ATIN: SECURITY OFFICER) P. 0. BOX 73
01Cr ATT N T . N. DAVIS (U P-CL oi.r LEXINGTON, MA 02173

01Cr ATTN NEAL. BRONIP (UP-CL ~ &Y ) 01Cr ATTN DAVID M. TONLE
01Cr ATTN TEQ*-4ICAl LIBRARY 01Cr ATTN P. .4*4.0*04

01Cr ATTN L. LOUGII.IN
01Cr ATTN 0. CLARKGTE SYLVANIA . INC.

ELECTRONICS SYSTEMS GOP-EASTERN DIV MART IN MARIETTA CORP
77 A STREET ORLANDO D IV IS ION

MA 02191. P. 0. BOX 5837 3
01Cr ATTN MARSPIAI. CROSS 084.1,00, Fl. 32805

01Cr AT T II 8. IEFFSIER
ILLITOIS , UNIVERSITY OF
DEPARTMENT OF ELECTRICAL ENGINEERING MCOOIII(LL DOUGA..AS CORPORATION
URBANA, IL 61803 5301 BOLSA APEM !

01Cr ATTN K. YEN HUNTINGTON BEAd- , CA 9261.7
31Cr ATTN N. IARRI S

ILLITOI S , UNIVERS IT r OF 01Cr ATTN U. -CULE
107 COBLE MALI. 01Cr ATT N GEORGE ~~3Z
801 S. I~~IGP4T STREET 01Cr ATTN V . OLSON
URBANA, IL 60680 01Cr ATTN 0. ~ . .ALPRII-.

(Au. CORRES ATTN SECURITr SUPERVISOR FOR) 01Cr ATT N TECI-.NICA4. _ IBRARY SERVICES
01Cr ATTN K. YEN

INSTITU~ E FOR DEFENSE A$AI.rSE S MISSION RESEARCH CORPORATION
1.00 ARMY-14ASr DRIVE 735 STATE STREET
ARLINGTON, /A 22202 SANTA BARBARA, CA 93 10 1

01Cr ATTN J . M. REIN 01Cr ATTN P. FI5CP~~R01Cr ATTN ERNEST BAUER OICY ATTN 4 .  F . CREVIER
01Cr ATTN MANS WOLFMARO 01Cr ATTN STEVEN L . GUTSONE
01Cr ATTN JOEL BEPOSTOR 01Cr ATTN 0. SAPPETVIELO

01Cr ATTN 8. BOGO SC)l
MSS , INC. 01Cr ATTN 0. .-IEP~~~IO(
2 ALFRED CIRCLE 01Cr ATTN RALPh KILl
BEOFORD, MA 01730 01Cr ATTN DAVE SONLE

01Cr ATTN D0~ LD HANSEN 01Cr ATTN F. FASEN
01Cr ATTN H. SCIPEIBE

INTl. TEL I TELEGRAPH CORPORATION 01Cr ATTN COMAAD L. LOIGMIRE
500 WASIIIMG’OR AVENUE 01Cr ATTN WARREN A. SCJ-ILUETER
‘IUTLEP , NJ 07 110

01Cr ATTN TEQ*IICAL. LIBRARY MITRE CORPORATION, THE
P.O. B0X 208

PAYCOR BEOFORD, MA 01730 
- p

11.01 CHIlI-C DEL MAR OLCY ATTN SlOP-Il TCRGANS7ERN
DEL MAR, CA 92014. 01Cr ATTN 0. ‘lARDING

01CY ATTN 5. 0. GOP-.OP-W4 01Cr ATTN C. L. CALLAHAN fr’
SlOe- S HOPKINS .NIVERSI TY MITRE CORP
APPLIED I- ’YSICS LABORATORY WESTGATE RESEA RCH PARK
UO4’I% HOPKINS 80*0 1820 DOLLY MADISON BLVD
LAUREL, -0 20810 MCLEAN, VA 22101

01Cr ATTN ~)OCLP~ NT LIBRAR IAN 01Cr ATTN V. MALL
S 0LCY ATTN TP$~~~S POTE?4A 01Cr ATTN w .  FOSTER

01Cr ATTN ,051 OASSOL*.AS r
PACIFIC-SIER RA RESEARCH CORP I , .

L3O(.I-~ EO MISSIL E S I SPACE CO INC 11.56 CLOVERFIELO BLVD .
P . 3. BOX SO. SANTA P~~4 ICA, CA 904.04.
SLTNYVALE, CA 94.08$ O1CY ATTN E .  C. ‘184.3 JR

31Cr ATTN DEPT 60— 12
3 1Cr ATTN 3. R. O.U*OIIL.. P!M6YLVAt4IA STATE UNIVERSITY

IOIOSPMHE RESEARCH LAB
..DGKP~~ED ‘l!SSII.ES NO SPACE CO INC 31$ ELECT3ICAL. ENGINEERING LAS’
52 51 .WOvft OTREET UNIVERS ITY ‘ARC PA 15802
3ALO *4.10, CA 9V504. (‘C CLASSI~ IE3 IC )IIS ADDR ESS)

01Cr A TTN MART IN WALT DEPT 52— 10 0L C~ ATTN lOPOSPHIRIC RESEARCH .M
01Cr AT T N RICHARD G. J04$G. DEPT 32—12
01Cr ATT N ~ . L .  IRI~~~ DPI 52—12
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PR OTOMETRICS, INC . SCIENCE APPLICATIONS, I NCORPORATED
4.4.2 MARRETT ROAD 8400 WESIPARK DRIVE
LEXINGTON, MA 02173 MCLEAN, IA 22101

O1CY ATTN IRVING .. KOFS~Y 01Cr ATTN U. CCC(AYNE

PHYSICAL OYNAMICS INC . SCIENCE APPLICATIONS, I NC.
P . 0. BOX 3027 80 MISSION DRIVE
3ELLEWE, VA 98009 PLEASANTON, CA 94566

01Cr ATTN 8. i. FRE~O.pw 01Cr ATTN SZ

PHYSICAL DYNAMICS INC. SRI INTERMTI~~lAp.P . 0. lOX 1069 533 RAVENSW000 AVEM.JEBERKELEY, CA 91.701 - 
PEM..O PARC, CA 91.02501Cr ATTN A. T.iO9504 

01Cr ATTN DONALD NEILSCftI
01Cr ATTN ALAN BURNSO 1 0 ASSOCIATES 01Cr ATTN G. SMITH

P. 0. BOX 9695 01Cr ATTN L. L. COBB
MARINA DEL REY, CA 90291 01C r ATTN DAVID A . UCHNSON

O1CY ATTN FORREST .GIL?~~~E 01Cr ATTN WALTER -G. cPIESPIJT
01Cr ATTN BRYAN GAISARD OICY ATTN CHARLES L. RIND
01Cr ATTN VIL1.IAN B. aRIGHT JR 01CY ATTN WALTER JAYE
01Cr ATTN ROBERT F . ~ELEVtER 01cr ATTN M. BARON
R1CY AT TN WILLIAM U. KARZAS 01cr ATTN RAY L. LLAD*BRNC01Cr ATTN H. ORY 01Cr ATTN 0. CARPENTER
01Cr ATTN C. MR~~~~4*0.0 01Cr ATTN 0. PRICE
01CY ATTN A .  TURcO 01Cr ATTN 4. PETERSON

01cr ATTN 8. M/~ E, JR.
RAND CORPORATION, THE 01Cr ATTN V . GONZALES
1700 MAIN STOEE ’ 01Cr ATTN D. rCDANIEL
SANTA ~U4ICA, CA 901.06

01Cr ATTN CLA.I.ZN CRAIN TEOe-~O..~p y  INTERNAT IONAl. CORP
01Cr ATTN ED BEOROZIAN 75 WIGGI NS AVENUE

BEOFORO, MA 01750
RI VERSIDE 0ESEARO~ INSTITUTE 01Cr ATTN d. P. BOQIJIST
$0 ~~5T IND
I-lEA YORI, NV 101125 TRW DEFENSE I SPACE STS GROUP

31Cr ATTN VIP-CE TRAPINI ONE SPACE PARC
REDONOO BEACH, CA 90278

SCIENCE lPPLICATIG~~, IIC. 01Cr ATTN 0. K. ‘LE~~CH - —
A 0. $QX 25 5 1 01Cr ATTN S. A4.TSCPP-JLER
L.A JOU~~ ~A 0203$ 01Cr ATTN 0. DEE

01Cr A T 4  LEWIS M. LINSON -
01Cr ATTN DANIEl. A . P-*tIN VISIDYNE, INC.
01Cr ATTN D. SAOIS 19 TP-IIIW AVENUE
01Cr ATTN 8. A. STR*ER NORTH WEST IPOUSTRIAI. PARK
31Cr ATTN CIJRTIS A. SMITH BURLINGTON, ‘A 01803
01Cr ATTN JAOI MCOOJGRU. OICY ATTN CHARLES ~5J~~$REY

01Cr ATTN U. W . CARPENTER
RAYTHEON CO.
S2 B BOSTON POST ROAO
SUOBURY, MR 0~~76

31Cr ATTN 3ARSAM .ID&’6

SCIENCE APPLICATIONS, INC. —PIIJPITSV ILLE DIVISION
2109 ~~. CLINTON AVENUE
SUIt E 700

A HUNTSVILLE, AL 35805 - -
01Cr ATTN DALE ii . 011.15

ii; : :- a - : : .
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IONOSM-€RIC ICOELIND DISTRIBUTION .1St
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PLEASE DISTRIIUTE ONE COPY TO EACH CF THE POLJ.ONING PEOPLE:

ADVA NCED RESEARCH PRO ,ECTS NUENICY (ARPA) HARVARD UN I VERSITY

STRAT EGIC TEC?flCLO(.Y OFFICE ~lARVA0D SQUARE
ARLINGTON, ~lY’~1’~IA CA~~RIDCE. MASS. 02138

CAPT . DONALD M .8-l IVE OR. N. 8.  MCELROY
DR. 8. LIICZEN

NAVAL RESEARCH LABORATORY
AAS.’INGTON, D.C. 2037 5 PEVe- ISYLVANIA STAT E UNIVERSITY

jNIVERSI’ I- PARK, PE~A45PL/AN1A 16802

DR. P. MANGE
OR. A. .‘EIER 08. 1. S. PIISBET

08. 8. SZ JSZCZEWICZ - CODE 712? -OR. P. 0. ROIR8AUG.i

DR. TIPOTNY COFFEY — CODE 6700 08. 0. 0. BARAN

0*. S. OSSRCON — CODE 6780 OR. I.. A . CARPENTER

DR. U. GO(~~~ N - CODE 7560 DR. H. LEE
DR. 8. DIVANY
DR. P. IE!’lETT

SCIENCE UP’LICATIOIS, INC. 0.0. E. <101.11,45

12S0 PROSPECT ?LA~A
.A JOLLA, CALIFORNIA 92037 UNI1.EAS tr OP CALIFORNIA, LOS ANGELES

1.05 ,,ILI.c.000 AVENUE -

0*. ~~. A. PIAM.1N LOS ANGELES, CAL1P-DRN1A 90021.
DR. p.. LINSON
08. 0. 5*015 DR. P . / .  CORONIT I

DR. C. <EVe-EL

DIRECTOR OF SPACE AND ENVIRCNIVITAL LABORATORY

BOULDER, COLORADO 80302 
I/V. IVEV SITI- CF CALIFORNIA, BERKELEY
BERKELE Y, CALIFORNIA 91.720

DR . A. GL!le-4 .EAN OR. M. ~I.J0SON
OR. :-.. w . ADAMS
OR. 0. V~. NIOERSC#4
01. K. DAVIES
DR. 0. P . D G E Lr  

I/TAM STATE UNIVERSITY
.TH N. AND 8T ,i STREETS
LOGAN, p.1*41 81.322

A , P . t.EOPWYSICS
~.. HANSON FI~~~ 

DR. P N. BAN(S

SECFORO. MASS. 01730 
OR. 8 . HARRIS
OR. V . PETERSON

0*. ‘. Lj(IP4 
Dl. 8. NEGlu.
0*. K . 5*4(80

DI. ~ . S..0XR

~~5. 8. SAGALYN
08. U. P. FORBES 

CORNELl. UNIVERSITY
I THACA , NEW YORK 11.850

38. 1. ~ . KElESP EA
DR. U. MRG~S OR. V. E. SW MTZ

OR. I. SUONI
01. D. PARLEY

OFFIC E CP NA vAp. RESEARCH 21. H. Qp.4.EY
800 NORTH QU IP-CY STREET 

- Dl. E. OTT
ARLINGTON, VIRGINIA 22211

NASA

~R. V . HULLM4EY ~JODARD SPACE F(..I IT CENTER
.RE!V4EL t, -MARYLAND 20111

COPlØNDER 0*. S. CIIA?~~A
NAVAL E1.ECT*0ICS ,.ABORAYORY CENTER OR. K . MAEOO IV
SAN 01800, CALIFORNIA 92 152

PRINCETON UNIVERSITY
OR. N. LEIVEISS PI.ASM’ PHySiCS LABORATORY
Dl. 1. IOTWRJU.*1 PRINCETON, NEW JERSEY 0851.0
04. V .  Hftj ~(5RA,0 

I 
-.

Dl. P . PERKINSA - 111. 1.1058
DI. 8. FIIEMRIP f

j . S. MMV ABERDEEN *ESEMOI ARC DEVELOANENT CENTER
SAI.LISYI~ RESEARCH .AIORATORY INSTITUTE FOR DEFENSE ANALYSIS
AIEOOftN, MARYLAND - 1.00 AINY NAVY DRIVE

ARLINGT~ ,. vIRG I NIA 22202
2*. .1. EINER*.

DR. 8. 8*1.19

CORIØI-0ER
NAVAl. A I R SYST INS C~~,w.0 UNIVERSI TY OF AIT T S~4jRCH
DEPRA TNE~1T ~ ‘ THE NAVY PITTS U*GM, PA. 15215

.ASØINGTOI, 0.. 20390
Dl. N. ZABuIK V

CZJA -38. N, B I~~CI
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